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Description 

FIELD OF THE INVENTION 

b [0001] This invention relates to a process for forming uniform, crystalline, low molecular weight polyester particles. 
Such particles are useful as feedstock for the production of high molecular weight polyester. 

BACKGROUND 

10 [0002] Various methods and apparatus for forming a polymer into particles are known. For example, polymers have 
been formed Into solkfified strands, ribbons, or sheets which have then been broken into particles. Fracturing or gran- 
ulation of a sheet, for example, into particles may be accomplished by various methods including ball milling. Such 
methods of particle formation, however, may result in particles which are not uniform In size and shape. Furthermore, 
such methods may generate an undesirable amount of fines, which make particle handling and processing difficult 
[0003] It is also known to form polymer particles by first forming polymer drops, from a "melt" of the polymer, and 
subsequently solidifying the drops Into particles or pellets. Pastill ation is an example of one such method. For example, 
Chang et a!., U.S. Pat. No. 5,340,509, disclose a process for pelietizing ultra high melt flow crystalline polymers which 
are polyolefm homopolymers, copolymers, or blends thereof. The process of Chang et al. uses, as a droplet-forming 
means, a pastillator which comprises an outer container with orifices. The outer container rotates around an inner 

20 container to allow a uniform amount of the polymer melt to emerge as droplets. The droplets are collected on a conveyor, 
which cools the droplets for a time sufficient to solidify the droplets. 

[0004] In addition to pastillation methods, the formation of polymers into particles via polymer droplets has been 
accomplished in a variety of other ways. For example, U.S. Pat. No. 4,340,550 to Ho, discloses the preparation of free- 
flowing pellets of polyethylene terephthalate) oligomer by quenching droplets of molten oligomer In water. The molten 

2$ oligomer is fed to a droplet-forming means having an orifice plate with multiple orifices. Under pressure, molten oligomer 
flows through the orifices and out into an Inert gas. The molten oligomer dissociates Into droplets at a distance from 
the plate under the force of surface tension. The molten droplets are then quenched in a tank of water. The oligomer 
pellets are slightly flattened, about 0.3 to 2.0 mm thick and about 0.8 to 4.0 mm in circular diameter. 
[0005] Rinehart U.S. Pat No. 4,165,420, discloses forming particles by employing a spray congealer which forms 

30 particles from low-viscosity molten polymer. Molten polymer is conveyed to the rotating bowl of a centrifugal atomizing 
device. This device produces small spherical droplets which congeal, In an inert gas, In the form of spherical beads 
having an average particle size of 100-250 pm (microns), depending on the speed of rotation of the bowl. 
[0006] Uniform, crystalline, low molecular weight polyester particles, in size ranges suitable for mass handling (e.g. , 
about 2 mm to 6 mm) are difficult to produce using traditional methods or apparatus for various reasons. A low molecular 

& weight polyester, also referred to as an oligomer or prepolymer, when in a molten state, may have relatively low viscosity. 
Such low viscosity may cause difficulties in the formation of droplets of uniform shape and size, especially by conven- 
tional means because of the resulting low pressures. 

[0007] Low molecular weight polyester particles, as produced by conventional methods, have the disadvantage that 
they may not be In a form most conducive to solid-state polymerization (SSP), especially in the absence of a time- 
40 consuming annealing step. Solid-state polymerization is used in industry to obtain quality-grade polycondensation 
polymers of very high molecular weight Such solid-state polymerization typically involves heating a "prepolymer" which 
Is a medium molecular weight polymer, in the form of chips. This polymer Is heated to a temperature above its glass 
transition temperature (Tg) but below its melting point (T^. In comparison, relatively low molecular weight particles, 
as feedstocks, may be disfavored because of the difficulty in forming such particles and because of the brittle nature 
of the formed particles. 

[0008] Since polymerization reaction rates Increase with temperature, the optimum temperature for solid-state po- 
lymerization Is usually as close to the melting point as possible, in order to reduce sticking together at such high 
temperature, polyester particles produced by conventional particle formation methods and apparatus typically need 
conditioning prior to solid state polymerization. Such conditioning may Involve annealing at fairly high temperatures 

so (e.g., 150°C to 210°C for polyethylene terephthalate) and for long amounts of time (e.g., about 0.5 to 8 hours). Such 
conditioning increases the crystallinity level of the particles. Typically, the pellets are initially subjected to a certain 
amount of anneaOng under high turbulence and agitation in orderto achieve uniform annealing without sticking together. 
If such particles are not properly conditioned prior to solid-state polymerization, processing problems may result. For 
example, they may tend to stick together during SSP, resulting in an 

65 [0009] GB-A-1 257 967 disdos s a process for crystallizing a lin ar crystallizable polyester as a pretreatment to 
solid state polym rizati n, which process comprises extruding th polyester in a molten state to form a plurality of 
individual strands, surface-quenching the strands at a temperature between 30°C and 70°C by contacting them on 
extrusion with a liquid, e.g. water, for a period of from 0.01 to 3 seconds, pelietizing the surfece-qu nched polyester 
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strands to form pellets, and passing the pellets to a fluid iz d zone In which the polyester is crystallized, th averag 
temperature of th pellets being maintained above 130*0, preferably 130° to 190° C, until crystallization has been 
achieved. Th total tim required to quench, palletize, de-water and transfer the polyester pellets to a fluidised crys- 
tallization chamber is less than six seconds. Crystallization can be accomplished in a matter of minutes, inability to 

s discharge the particles from the SSP reactor, which may even result in a reactor shut-down. 

[0010] As mentioned above, polyester particles or pellets formed by conventional methods may be unduly non- 
uniform, malformed and/or characterized by high levels of fines. Such malformed and non-uniform pellets may be 
undesirable because they may bridge In pellet feed hoppers. Additionally, significant amounts of malformed pellets 
may after the bulk density of the pellet feedstock to a polymerization processes, which may result In feeding problems 

10 in extrusion lines. It may also result in voids in the final product Since reaction rate is to some degree dependent on 
particle size, non-uniform pellets may result in non-uniform molecular weight in the product of polymerization. 
[0011] In view of the above, there Is a need for an improved process of forming polyester particles. In order to be 
useful as feedstocks for polymerization processes, such particles should preferably have sufficient structural integrity 
to make them suitable for transport to such processes. The particles should preferably have relatively uniform size and 

15 shape in order to facilitate handling and to ensure uniform polymerization within each particle. For improved solid-state 
polymerization, the particles should preferably be robust enough to withstand high temperatures during solid-state 
polymerization without agglomerating. It would be even more desirably if the particles could withstand higher temper- 
atures than most typical of solid-state polymerization. It would be desirable if robust or crystalline particles could be 
obtained more efficiently and readily than presently the norm. Accordingly, it would be advantageous if costly and 

20 expensive steps for conditioning polyester particles prior to solid-state or other polymerizations could be reduced or 
eliminated. It would be desirable if such particles could have a diversity of uses, including, not only serving as a pre- 
polymer or feedstock for solid-state polymerization, but optionally or additionally as feed material for, among examples, 
injection molding, bottle manufacture, and extrusion processes. 

& SUMMARY OF THE INVENTION 

[0012] The present invention is directed to a process for preparing a polyester pellet in crystalline form. The pellets 
formed by the present invention range in size between about 500 pm (microns) and 2 cm in average diameter. The 
process may be carried out either by crystaDizing molten droplets of an amorphous melt or, alternatively, by crystallizing 
30 pellets or particles of an amorphous solid. In either case, the process may be described as a thermal shock treatment. 
A polyester particle is crystalDzed by subjecting the particle to a rapid change in its environmental temperature so that 
the particle, or its bulk average temperature, is brought suffiently rapidly to a temperature within a certain temperature 
range or zone. 

[001 3] Without wishing to be bound by theory, it is believed that this rapid change in the temperature of the particle 
35 allows the particle to undergo crystallization mostly within the desired temperature range, rather than the particle un- 
dergoing an undesirable amount and/or kind of crystallization before reaching this temperature range. Preferably, a 
minimal amount of crystallization takes place before the particle reaches the desired temperature range or zone. This 
temperature zone extends around what is referred to as the calculated "temperature of the maximum crystallization 
rate 0 . As mentioned above, the particle may be brought within this temperature range from either an amorphous melt 
40 or an amorphous solid or glass, that is from either direction, towards the calculate point of maximum crystallization rate. 
[0014] The process of the present invention is set forth hereinafter in Claims 1 to 4. Preferred embodiments of the 
process of the present Invention are set forth in Claims 5 to 36. 

[001 5] The calculated point of maximum crystallization rate (the calculated TJ for polyesters is defined as the mid- 
point between the glass transition temperature (Tg) of the polyester and the melting point (TJ of the polyester. Thus, 
45 T c equals T fl + 0.5 (T m - T g ). The same value for T c can be obtained by the equation T c = 0.5 (Tm + Tg). This calculated 
T 0 is a reasonably accurate approximation of an experimentally determined or measured T 0 of each polymer. Unless 
Indicated otherwise, T 0 herein will refer to the theoretical or calculated T c , as herein defined, rather than to the exper- 
imentally measured T^ 

[0016] With respect to the change affected within the particle, the present invention can be defined as a process for 
so the crystallization of low molecular weight polyester pellets, which process comprises: 

(1) heating solid (glassy) pellets of 8 polyester oligomer, having a degree of polymerization (DP) of 2 to 40 and a 
glass transition temperature (Tg) above 25°C, from an initial temperature Tq, wherein T 0 is below T g + 20°C, so 
that the bulk average temperature of the pellets is brought, within 15 seconds, to a t mperature within a range 

e» extending from T^ to T^ wherein T^ = OJ25 T m + 0.75 T fl ; T max = 0.75 T m + 0.25 T Q and, furthermore, upon 

reaching said temperature, maintaining said pell t within said range for at least 3 seconds; or 

(2) cooling molten droplets of a polyester oligomer having the DP and T g as described above, from an initial tem- 
perature T 1 , wherein T-, is at least the melting point T m of the polyester oDgomer, so that the bulk average temper- 
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ature of the droplets or crystallizing pellets Is brought, within 156eoonds t toatemperBturewithinarBng extending 
from Tja n to wherein T^ = 0.25 T m + 0.75 T g ; T max = 0.75 T m + 0 25 T g and. furthermore, upon reaching 
said t mp nature, maintaining said pellet within said range for at least 3 seconds. 

s [0017] In the latter definition of the invention, the temperatures and ref r to the temperature of th pellets. 
The invention might also be defined in terms of the thermal environment to which the pellets are exposed, Including 
process parameters. Accordingly, when forming essentially-crystalline polyester pellets from an essentially-amorphous 
melt, a process according to the present invention can be defined as comprising the following steps: 

10 (a) forming molten droplets of a polyester oligomer at a temperature T<, wherein T 1 is at least the melting point T m 
of the polyester oligomer and wherein the polyester oligomer has a degree of polymerization (DP) of 2 to 40 and 
a glass transition temperature (T Q ) above 25°C; 

(b) crystalDzing said molten droplets by placing the droplets in contact, for at least 3 seconds, with a solid surface 
which is at a temperature within the range of T mn to as defined below, whereby the droplets or crystallizing 
is pellets sustain a rapid change in temperature towards said temperature and remain at a temperature within said 

range for a sufficient period of time; 

wherein T mh = T fl + 10°C, = 0.75 T m + 0.25 T fi ; 

except that, if the solid surface has a heat transfer coefficient (hg) which is below 1.5 joules&ec cm 2 °C, then 
20 T m!n of the solid surface may be between 0°C and (T g + 1 0°C) provided that the change in the bulk average temperature 
of the pellets remains above T min for at least 3 seconds after the pellets contact the solid surface and provided that 
the bulk average temperature of the pellets reaches T max within 1 5 seconds after the pellets contact the solid surface. 
[0018] Alternatively, as indicated above, essentially-crystalline polyester pellets may be formed by starting with an 
essentially-amorphous pellet which has been previously made from a polymer melt In this case, the Invention com- 
& prises the following steps: 

(a) obtaining pellets of an essentially-amorphous, solid polyester oliogomer having a degree of polymerization 
(DP) of 2 to 40 and a glass transition temperature (T a ) above 25°C; 

(b) heat treating the pellets, from a temperature T 0 by contacting them with a gas for at least about 0.5 seconds; 

30 

wherein T mln is at least the melting point of the polyester oligomer. 

[0019] In the present process, the purpose of exposing the pellets to contact with a hot or cold surface is to rapidly 
bring the pellets to within a certain temperature range for a certain minimum period of time. However, this may be 
accomplished under a variety of circumstances. For example, in cooling pellets, if the the surface to which the pellets 
35 are exposed has a relatively low heat transfer coefficient, it may be necessary, in order that the pellets rapidly reach 
the desired temperature, for the surface to be significantly cooler than the desired temperature. For example, It may 
be necessary for the surface to be significantly cooler when the surface is a plastic such as Teflon(TM) poly(tetraflu- 
orethylene) than when the surface is steel. 

[0020] The polyester pellets made by the process of this invention have a variety of uses, but the pellets are especially 
40 advantageous for use as a prepolymer feedstock for solid-state polymerization to produce higher molecular weight 
polyesters. Accordingly, the present process may be especially advantageous as part of an overall process for making 
a higher molecular weight polyester, for example, by solid-state polymerization. The present invention may be advan- 
tageously integrated with an earlier process step for making a polyester oligomer having the specified DP and/or with 
a later process step for further polymerizing the oligomer which has been formed into pellet according to the present 
<s invention. 

[0021] The invention may be more fully understood by reference to the following detailed description and drawings. 
BRIEF DESCRIPTION OF THE DRAWINGS 
so [0022] 

Figure 1 is a graph of heat flow versus temperature, produced by differential scanning calorimeter (DSC) meas- 
urement of a sample of an essentially-amorphous polyethylene terephthalate pellet prior to either conventional 
annealing or to processing according to the present invention. 
& Rgur 2 is a graph of heat flow versus temperature, produced by a differ ntial scanning calorimeter measurement 

of a sampl of conventional low molecular weight, polyethyi ne terephthalate pellet annealed at 200° C for 1 hour, 
which graph shows a promoting ertdoth rm. 

Figure 3 is a graph of heat flow versus temperature, produced by a differential scanning calorimeter measurement 



4 



EP 0 804 499 B1 



ofasampl of a low molecular weight pdy(ethyl net rephthalete) p lietmade bylh process of this invention by 
thermal shock crystallization of essentially-amorphous PET p llets at 550*0 for 25 seconds, which graph does 
not show a distinct pre-m King endoth rm. 

Rgure 4 is a graph of heat flow versus temperature, produced by a diff r rrtial scanning calorimeter measurement 
ofasampl of a low mo! cular weight poly(etriyleneterephtrialate) pellet mad by the process of this invention by 
thermal shock crystallization in which Just-formed PET droplets. Initially at a temperature above the melt temper- 
ature, are exposed to a heated moving surface at a temperature of 1 70°C for 26 seconds, which graph does not 
have a distinct pre-melting endotherm. 

Rgure 5 is an illustrative X-ray diffraction pattern of a sample of a PET polymer made according to the process of 
the present invention. 

Rgure 6 is another illustrative X-ray diffraction pattern of a sample of a PET polymer made according to process 
of the present Invention. 

Rgure 7 is an illustrative X-ray diffraction pattern of a sample of a PET polymer made according to a process of 
the present Invention, which pattern has been deconvoluted into two overlapping Gaussian peaks. 

DETAILED DESCRIPTION OF THE INVENTION 

[0023] This invention is directed to an improved process for producing essentially-crystalline particles of a low mo- 
lecular weight polyester. In one embodiment of the present invention or process, a polyester oligomer, at or above the 
polyester melt temperature, is formed into essentially-crystalline pellets. In a second embodiment of the present in- 
vention, an essentially-amorphous, non-molten (glassy or solid), low molecular weight polyester pellet, such as made 
by conventional methods, is formed Into essentially-crystalline pellets. 

[0024] Both embodiments may be characterized as crystallizing the peDets by a "thermal shock" method, although 
the latter embodiment may involve a greater temperature differential between the pellets and the environment because 
of slower heat diffusion or conduction. 

[0025] Whether one begins with conventionally-formed, essentially amorphous, non-molten, polyester pellets at 
about ambient temperatures, or just-formed, molten, polyester droplets, the crystallization involves subjecting the pel- 
lets to a thermal environment such that the pellets rapidly achieve a temperature within the zone or region of the 
calculated T G , the maximum crystallization rate temperature for the particular polyester being processed. The particles 
must remain within this zone or region for a sufficient period of time for a sufficient amount of crystallization to occur 
within that zone. During the imposition of the thermal shock, the pellets are exposed to a temperature ranging from 
about T max to T mln for at least a period of about 3 seconds. 

[0026] As a result, the crystalGne structure of the pellets can quickly reach the desired degree of crystalGnity and, in 
some cases, achieve a superior or even, in some cases, unique crystalline morphology. Another possible advantage 
of crystallizing in this manner is that the thus-obtained polyester pellets or particles can more readily be solid-state 
polymerized, potentially avoiding conditioning steps presently thought necessary, as with conventionally produced 
polyester particles which require hours of processing time to achieve the necessary state of crystallization for solid- 
state polymerization. The use of the present process for producing polyester pellets for solid-state polymerization offers 
significants advantages In terms of economies of time and money, in addition to any improvement in quality. 
[0027] By the term "poller herein Is meant any discrete unit or mass of a given material, having any shape or con- 
figuration, irregular or regular, within a wide range of sizes. Although the term "pellet" might elsewhere have a narrower 
connotation, the term "pellet" Is employed herein to include particles and pellets in the broadest sense of the word. 
Preferred forms and/or sizes for particles are spherical particles with diameters of 0.05 mm to 0.3 mm, hemispherical 
particles with a maximum cross section of 0.1 mm to 0.6 mm, or right circular cylinders with a diameter of 0.05 mm to 
0.3 mm and a length of 0. 1 cm to 0.6 cm. Since, preferably, the pellets are produced on the most economically efficient, 
the pellets would preferably be produced and collected together in commercial quantities of greater than 10 kg, more 
preferably greater than 30 kg. The pellets may be used In the same plant soon after being made, stored for later use, 
or packaged for transport, all in comrnertcial quantities. 

[0028] By the term "polymer" is meant a compound or mixture of compounds consisting essentially of or comprising 
at least 90 percent, preferably at least 95 percent, and most preferably at least 99 percent by weight of repeating 
structural units called monomers. The term polymer is meant to include prepolymer or oligomer, that is, a polymer 
having a degree of polymerization (DP) of at least 2 or 3. By "low molecular weight polymer" Is meant a polymer having 
a degree of polymerization in the range of about 2 to about 40, preferably 5 to 35. By "molten polymer" is meant a 
polymer at a temperature at or above Its melt temperature; likewise by "molten droplet" is meant any discrete unit, or 
portion, of a melt which is a polymer-pell t precursor, whether actually dropped or not, which is at a t mpe nature at or 
above the m Iting point of the polymer. By pellet "diameter" is meant the largest cross-sectional dimension of a given 
pellet By pellet "averag diameter" or "average size" is meant th average largest cross-sectional dimension of a 
representative sampl ofth pellets being processed according to the present invention. 
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[0029] The melting point, T m , of a polymer is preferably d termlned as th maximum of the melting endotherm on 
the first heat, measured by Differential Scanning Cai rimetry (DSC). By a premeiting ndotherm is meant an endo- 
therrrticpeakintheDSCdu to a melting endotherm at a lowertemperature than (before) the ■main" melting ndotherm. 
By a "distinct premeiting endotherm" is meant the melting occurs over a temperature range of 60° C or less, preferably 
e less than 40°C. By having "no" premeiting endotherm is meant that if on or more such endotherms are detected, the 
total heat of fusion is less than 1 J/g, preferably less than 0.5 J/g. 

[0090] By "crystallization exotherm" is meant an exothermic peak In the DSC due to an amorphous region undergoing 
crystallization prior to melting of the polymer. 

[0031] By "glass transition temperature," T g , Is mean the mean the inflection point of the step transition associated 
10 with the glass transition on a DSC trace heated at about 10°C/min. An example of this is illustrated in Figure 1 , showing 
the inflection point of the glass transition occurring et about 58°C. 

[0032] By "bulk average temperature" of a pellet is meant the average temperature of the mass of the pellet or the 
average of the temperature in every location of the particle. 

[0033] By the term "heat transfer coefficient" or "h" with respect to a solid surface or gas, to which a pellet Is exposed, 

15 is meant k/b, where k is the thermal conductivity of the solid surface or gas and b is the thickness. Values for k can be 
found, for example, in R. H. Perry et al., Chemical Engineers' Handbook, chapters 10-10 and 23 (McGraw-Hill Book 
Co. 4th edition) and R. L. Earl, Unit Operations in Food Processing (Pergamon Press, Oxford 1966). For example, the 
heat transfer coefficient "h" for a 1 mm thick steel belt is, for example, may be about 1.5 joules/sec cm 2 °C (or 2800 
BTU/hr ft 2 °F). However, the heat transfer coefficient can vary among different steels. The heat transfer coefficient of 

20 natural-convection nitrogen (as, for example, in a batch oven) may be, for example, about 0.0005 to 0.002 joules/sec 
cm 2 °C (or 1 to 4 BTU/hr ft 2 °F), forced convection nitrogen (as, for example, when a pellet falls under force through 
a nitrogen column) may be, for example, 0.0025 to 0.05 joules/sec cm 2 °C (or 5 to 100 BTU/hr ft 2 °F). The heat transfer 
coefficient of a 1 mm TeflonfTM) belt may be, for example, about 0.025 joules/sec cm 2 °C (or 45 BTU/hr ft 2 °F). Gen- 
erally, metals tend to have a "h" ranging from about 0.10 1 to 40 Joules/sec cm 2 °C (or 175 to 67,000 BTU/hr ft 2 °F) 

25 [0034] By the term "measured" or "actual" maximum crystallization rate temperature (measured or actual TJ is meant 
the experimentally determined definition known In the art. Experimentally determined T c values may be found in the 
literature for a wide range of polyesters. For example, the actual maximum crystallization rate can be found experi- 
mentally as described in F. Van Arrtwerpen et al., J. Potym. Sd., Polym. Pnys. Erf., vol. 10, p. 2423-2435 (1972); M. R. 
Tbnt et al., Polym. Eng. end Science, vol. 33, no. 17, p. 1152-1156 (1993); R. J. Phillips et al., Macromolecules, vol. 

30 22, no. 4, p 1649-1655 (1969); S. Buchneret al., Polymer, vol. 30, p. 460-486 (1969). As indicated earlier, the calculated 
T c is, for the purposes of this invention, a reasonably accurate approximation of the actual T c for polyesters Is. The 
calculated T 0 is defined herein as T 0 = (T g + T^J/2 or T 0 = T g + (1/2)(T m -T fl ). 

[0035] Polyesters are polymers generaDy comprised of one or more diacid or diester components and one or more 
did components. Many polyesters can be formed into pellets by the process of this invention. The process of this 
invention is useful for most aromatic or aliphatic-ring-containing (for example, phenyl or cyclohexyl-containing) poly- 
esters that do not readily crystallize at room temperature. This would include, for example, polyethylene terephthalate) 
(PET), polyethylene napthalate) (PEN), poly(butylene naphthalate) (PBN), poly (^'methylene terephthalate) (3G-T), 
and pory(trimethylene naphthalate) (3G-N), poly(cyclohexyt terephthalate) (PCT), and the like. Generally, polyesters 
having a glass transition temperature, T g , above about 25°C, and a melt temperature, T m , ranging from about 200 to 
40 about 320°C are best suited to the process of this invention. 

[0036] The approximate T g and T m values for some useful polyesters are listed below in degrees Celsius. 



45 





Tg 




PET 


70 


260 


PEN 


120 


270 


PBN 


82 


242 


3G-T 


35 


227 



60 [0037] The values for T g , T c , and T m can vary somewhat, for example, with a polymer's morphology, thermal history, 
molecular weight, and crystallinity. For example, a low DP PET (a DP of 10 to 20) typically has a T m of about 250°C, 
a T g of about 60° C, and a T c of about 155°C. 

[0038] Suitable diacid or diester components for the polyesters to which this invention pertains normally include aikyl 
dicarboxylic acids having 4 to 36 carbon atoms, diesters of aikyl dicerboxyGc acids having 6 to 38 carbon atoms, aryl 
65 dicarboxylic acids which contain from 8 to 20 carbon atoms, diesters of aryl dicarboxylic acids which contain from 10 
to 22 carbon atoms, aikyl sustrtuted aryl dicarboxylic acids which contain from 9 to 22 carbon atoms, or diesters of 
aikyl substituted aryl dicarboxylic acids which contain from 11 to 22 carbon atoms. Preferred aikyl dicarboxyG acids 



6 



EP 0 804 499 B1 



contain from 4 to 12 carbon atoms. Some representative exampl 5 of such aikyi dicarboxylic acids include glutaric 
acid, 8diptc acid, pimelic add and the Glee. Preferred diesters of aikyl dicarboxylic 8cids contain from 6 to 12 carbon 
atoms. A representativ exampl ofsuchadiest rofanalkyldicarboxylicacidisazelaicacid. Preferred aryi dicarboxylic 
acids contain from 6 to 16 carbon atoms. Some representative examples of aryi dicarboxylic acids are terephthalic 
acid, isophthaDc acid and orthop hthalic acid. Preferred diesters of aryi dicarboxyOc acids contain from 1 0 to 1 8 carbon 
atoms. Some representative examples of diesters of aryi dicarboxylic acids include diethyl terephthalate, diethyl iso- 
phthaiate, diethyl or orthophthalate, dimethyl naphthalate, diethyl naphthalate and the like. Preferred aikyl substituted 
aryi dicarboxylic acids contain from 9 to 16 carbon atoms and preferred diesters of aikyl substituted aryi dicarboxylic 
acids contain from 11 to 15 carbon atoms. 

[0030] The diol component for polyesters used In the invention suitably include glycols containing from 2 to 12 carbons 
atoms, glycol ethers containing from 4 to 12 carbon atoms and polyether glycols having the structural formula 
HO-(AO) n H f 

wherein A Is an alkyiene group containing from 2 to 6 carbon atoms and wherein n Is an integer from 2 to 400. Generally, 
such polyether glycols will have a molecular weight of about 400 to 4000. 

[0040] Preferred glycols normally contain from 2 to 8 carbon atoms with preferred glycol ethers containing from 4 to 
8 carbon atoms. Some representative examples of glycols that can be utilized as the diol component include ethylene 
glycol, 1 ,3-propylene glycol, 1 ,2-propylene glycol, 2,2-diethyM ,3-propane diol, 2,2-dimethyM ,3-propane diol, 2-ethyl- 
2-butyt-1 ,3-propane diol, 2-ethyl-2-isobutyM ,3-propane diol, 1,3-butane diol, 1,4-butane diol, 1,5-perrtane diol, 
1 ,6-hexane diol, 2 f 2,4*lmethyl-1 ,6-hexane diol, 1 ,3-cyclohexane dlmethanol, 1 ,4-cycIohexane dlmethanol , 2,2,4,44e- 
tramethyM ,3-cydobutane diol, and the Gke. 

[0041] The polyesters or oligomers of the present invention may be branched or unbranched, and may be homopol- 
ymers or copolymers. 

[0042] Particularly useful are "modified polyesters" which are defined as being modified with up to 10% by weight of 
a comonomer. Unless indicated otherwise, by the term polyester Is meant modified or unmodified polyester. Similarly, 
by the mention of a particular polyester, for example PET, is meant unmodified or modified PET. Comonomers can 
Include Methylene glycol (DEO). Methylene glycol, 1,4-cyclohexane dlmethanol, Isophthallc acid (IPA), 2 I B-naphtha- 
lenedicarboxylicacid, adiplcacid and mixtures thereof. Preferred comonomere for po^ 
0-5% by weight IPA and 0-3% by weight DEG. 

[0043] In a more backward Integrated embodiment of this Invention, the polyester prepolymer or oligomer making 
up the pellets obtained by the present invention can optionally be polymerized from monomers, oligomers, or mixtures 
thereof. This optional polymerization step may be accomplished using known methods and apparatus, as will be readily 
appreciated by the skilled artisan. 

Polymerization of polyesters is well known in the art Polyesters are often formed as a melt by combining a di8cid or 
diester with a diol to produce a monomer, and heating to polymerize the monomer. A preferred method of polymerization 
to low molecular weight polyester is carried out in a pipeline reactor. 

[0044] Polymerization is conducted to reach a desired degree of polymerization. Generally, the polyester used to 
make pellets according to this invention has a degree of polymerization ranging from about 2 to about 40. By degree 
of polymerization (DP) is meant the average number of repeat units In a polymer chain and therefore may not necessarily 
be an Integer. For example, the repeat unit of polyethylene terephthalate) (PET) is 



[0045] The DP of a polymer can be determined by Gel Permeation Chromatography using appropriate standards. 
The preferred degree of polymerization for this invention Is Influenced by the pellet-forming means that is chosen and 
the anticipated use of the final pellets. Generally, a DP of about 5 to 35 is preferred for PET when the peflet formation 
means Is a pastillator, discussed below. 

[0046] The degree of polymerization is merely one way of expressing the molecular weight of a polyester. Another 
measure of the molecular weight is the intrinsic viscosity (IV) of the polymer. For example, a polyethylene terephthalate) 
polymer having a DP of 2 to 40 should have an IV which ranges from about 0.05 to about 0.4 dl/g when tested with a 
solution of one part volume of trifluoroacetic acid and three parts volume of methylene chloride. 
[0047] An IV may be determined according to the following example: 0,050 g of a polyester such as, for example, 
PET is w ighed into a clean dry vial and 10 ml of solvent is added using a volumetric pipette. The vial is closed (to 
prevent evaporation of th solvent) and shaken for 30 min o r until the PET is dissolved. The solution is poured into the 
large tube of a #50 Cannon-Fenske viscometer, which is then placed in a 25°C wat r bath and allowed to equilibrate 
to that t mperature. The drop times betwe nth upper and lower marks are then measured in triplicate, and should 
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agree within 0.4 seconds. A similar measurement is made in the viscometer for the solvent alone. The IV is then 
calculated by th equation: IV = ln[(so!ution time/solvent time)/0.5]. 

[0048] In on embodiment of this invention, a polyester polymer at or above its melting temperature is formed into 
pellets. Pellet formation can be conducted by adapting various methods and apparatus known in th art for pellet 

e formation. This can includ dripping (see Exampl 2), extruding (see Example 3), pastillating, priding (Se for example, 
U.S. Patent No. 4,340,550 to Ho), spray atomizatlon (see, e.g., Rinehaif s U.S. Pat No. 4,165,420), and melt-cutting, 
among others. A prilling/degassing device for polymers is available from Southwest Research Institute (Dalls, TX). Any 
method Is suitable so long as the polyester polymer can be formed Into discrete portions at a temperature at or above 
its melt temperature, i.e. in the molten state. For polyesters, the melt temperature usually ranges from about 200°C to 

io 300°C, with lower DP polymers tending to have lower melt temperatures. For PET, for example, the melt temperature 
would usually be equal to or greater than about 250°C. 

[0049] Pastillation, broadly termed, is employed for particle formation in a preferred embodiment of the present In- 
vention. PastiDation typically employs an outer, rotating, cylindrical container having a plurality of orifices circumferen- 
tially spaced on its periphery. Within the outer container Is an inner, coaxial, cylindrical container having a metering 
15 bar or channel. The plurality of orifices on the outer container are disposed such that they will cyclicly align with the 
metering bar or channel on the inner container when the outer container is rotated. 

[0050] Typically, molten polyester is transferred to the inner container of the pastillator and, under pressure, is dis- 
pensed in uniform amounts, forming droplets or unsoOdified pellets, as each of the plurality of orifices on the outer 
container align with the metering bar on the Inner container. Pastillators are commercially available, e.g., the ROTO- 

20 FORMER® pastillator manufactured by Sandvik Process Systems (Totowa, NJ). 

[0051] Preferably, the molten polyester transferred to the pastillator or other pellet-forming means be essentially 
amorphous. By essentially amorphous is meant essentially non-crystalline, that is having less than about ten percent 
(10%), preferably less than five percent (5%), and most preferably less than one percent (1%) crystalline content as 
defined by a DSC curve In which the difference in the heat of fusion of the crystallization exotherm and the heat of 

26 fusion of the main-melting endotherm is less than about 14 J/g, preferably less than 7 J/g, most preferably less than 
about 2 J/g. This is demonstrated in Figure 1 which shows a typical DSC curve for an amorphous polyester, in which 
the heat of fusion of the crystallization exotherm (indicated by A) approximately equate the heat of fusion of the main- 
melting endotherm (indicated by B), the difference between the two heats of fusion being less than about 4 J/g. Density 
may also characterize the crystallinfty of various polyesters. For example, an essentially-amorphous polyethylene 

30 terephthalate may, for example, be characterized by a density less than about 1 .34 g/ml. Essentially-amorphous pol- 
yester pellets are made In many commercial processes by rapidly quenching molten polyester particles after formation, 
which quenching typically inhibits crystallization. 

[0052] In contrast, essentially-crystalline polyester is herein defined to have a crystallinity content greater than about 
15%, preferably greater than 20%, and most preferably greater than 30%, corresponding, respectively, for PET, for 

3* example, to a density greater than about 1.36 g/cc, preferably greater than about 1.37 g/cc, most preferably greater 
than 1.39 g/ml. Thus, the term essentially-crystalline or crystalline, as used herein shall Include what is commonly 
referred to as "semi-crystalline," as are most polyesters of interest The amount of crystallinity can be determined by 
DSC. For example, .essentially-crystalline PET is characterized by a total heat of fusion, expressed in J/g, of at least 
about 20, more preferably about 35, when 140 J/g is used as the total heat of fusion of pure crystalline PET. Higher 

<o heats of fusion indicate more crystalline polymer. The percent crystallinity within a sample of a polyester material or 
pellet can be determined by comparing the heat of fusion (J/g) of the crystallites present with the heat of fusion of the 
"pure" crystalline polyester. 
[0053] After droplet or u mdtenpellet"forrT^ 

the pellets Is critical to the formation of robust, uniform, low molecular weight pellets suitable for a variety or uses 

4* including solid state polymerization. 

[0054] This crystallization involves temperature manipulations within time limitations. Immediately after polyester 
droplets are formed at the melt temperature, the droplets are.rapidly subjected to a thermal shock. Subjecting the Just- 
formed polymer droplets to a temperature within a preselected or desired thermal range results in an immediate tem- 
perature gradient between the crystallizing droplet or pellet, initially at or near Its melt temperature, and Its surroundings. 

60 This should be done quickly, as taught herein, in order to efficiently and/or optimally obtain the desired crystalline 
morphology. Of course, a temperature gradient also inherently occurs to some extent, depending on the circumstances, 
within the the crystallizing droplet or pellet as its bulk average temperature changes. 

[0055] The thermal shock Is generally achieved through radiant, conductive and/or corrective heat. Preferably heat- 
ing Is through the use, or primarily through the use of, conductive or radiant heat, preferably radiant heat below 15 
m gaherz. 

[0056] The thermal shock is imposed, in general, in order to ensure that the p I lets rapidly achieve a temperature 
In th temperature range as described abov . Without wishing to be bound by theory, It Is beO ved that this rapid 
change in th temperature of the particl allows the particle to und rg a desir d crystallization within the d sired 
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temperature rang , rather than the partial undergoing an undesirabl amount and/or kind of crystallization before 
reaching this t mperature range. This t mp nature zone extends around what is referred to as th calculated temper- 
ature of the maximum crystallization rate. 

[0057] When forming an essentially-crystalline polyester pellet from an essentially-amorphous melt, the process 
5 comprises forming molten droplets of a polyester oligomer at a temperature T, wherein T 1 is at least the melting point 
T m of the polyester oligomer and wherein the polyester oligomer has a degree of polymerization (DP) of 2 to 40 and 
a glass transition temperature (T g ) above 25°C. Preferably T 1 is between T m and T m + 30°C, most preferably between 
T m and T m + 1 0°C. The molten droplets are then crystallized by placing them in contact, for at least 3 seconds, with a 
solid surface which Is at a temperature within the range of to T^ as defined below, whereby the particles sustain 
10 a rapid change in temperature towards said temperature and remain at a temperature within said range for a sufficient 
period of time. Preferably, the solid surface is metallic since metals will bring the pellets to the desired temperature 
most readily. 

[0058] In the present invention, the T^ = T fl + 10°C and T^ = 0.75 T m + 0.25 T g . However, if the solid surface 
has a heat transfer coefficient (hg) which is below 1.5 Joules/sec cm °C, then T mln may be between 0°C and (T g + 

15 10°C), provided that the bulk average temperature of the pellets remains above T mlfl for at least 3 seconds after the 
pellets contact the solid surface and provided that the bulk average temperature of the pellets reaches T mBX within 15 
seconds after the pellets contact the solid surface. The exception for solid surfaces with relatively low heat transfer 
coefficients, below 1 .5 joules/sec cm °C, is most typically applicable to non-metallic surfaces. 
[0059] Preferably T^ = 0.65 T m + 0.35 T fl and most preferably T^ is about 0.5 (T m + T g ) + 1Q°C. Preferably, at 

20 least for metallic surfaces such as steel or aluminum, T mn = 0.25 T m * 0.75 T gi and more preferably T^ = 0.35 T m + 
0.65 Tg, most preferably about 0.5 (T m + T g ) - 10°C. 

[0060] In order to obtain rapid heat transfer from a surface to the just-formed molten droplets, it is preferred that the 
surface have a relatively high overall heat capacity. Metals are particularly useful for this purpose, especially metals 
with high coefficients of heat transfer. Thus, metals are the preferred materials for the surface, which surface is pref- 

2* erably moving in a continuous process, as can be obtained with a conveyor belt. 

[0061] Preferably, the pellets are exposed to said soDd surface in the Indicated temperature range for at least 3 
seconds, more preferably at least 10 seconds, most preferably at least 20 seconds. The maximum time during which 
the pellets are exposed to the solid surface in the indicated temperature range is preferably 30 minutes, more preferably 
10 minutes, and most preferably 3 minutes. Longer times are not detrimental, but may not be most economical. For 

30 example, in an integrated SSP plant for making high molecular weight PET, the pellets after being formed may be 
introduced into the SSP reactor within 10 minutes after the pellets are formed. It Is also possible to store the pellets 
for later use. 

[0062] For example, when making pellets of PET according to the present invention, an essentially-crystalline PET 
pellet may be formed from an essentially-amorphous mart of a PET oligomer at a temperature T, wherein T 1 is at least 

35 250°C, preferably between 260°C and 260°C, most preferably between 265°C and 275°C. The molten droplets are 
then crystallized by placing them in contact, for at least 3 seconds, with a solid surface which is at a temperature within 
the range of to T^ wherein T mln is preferably 80°C, more preferably 130°C, most preferably 160°C, except if 
the solid surface Is non-metallic and has a heat transfer coefficient (rig) which is below 1 .5 joules/sec cm 2 °C, in which 
event T^,, may be between 0°C and 80°C, depending on the process variables. Preferably, T mBX is 220°C, more 

*o preferably 200°C, and most preferably 180°C. 

[0063] Alternatively, as indicated earlier, an essentially-crystalline polyester particle may be formed by starting with 
an essentially-amorphous solid particle or pellet which has been previously made from a polymer melt. (By the term 
"solid" is meant a polymer glass or solid which is below its glass transition temperature.) In this case, the invention 
comprises obtaining pellets of an essential hy-emorphous, solid polyester oligomer at a temperature T 0 wherein the 

46 polyester oligomer has a degree of pofymerization (DP) of 2 to 40 and a glass transition temperature (T g ) above 25°C 
and, subsequently, heat treating the pellets by contacting them with a gas at a temperature of at least T mIn for at least 
about 0.5 seconds wherein T^ is at least the matting point of the polyester oligomer. 

[0064] Preferred gases, for transferirtg heat include gases such as air, oxygen, carbon dioxide, nitrogen, argon, 
helium, and the like, etc. and mixtures thereof. Typically, pellets may be exposed to radiant heat and heated gases in 
50 an oven, whether in a stationary (batch) system or In a continuous system, for example, as when a conveyor belt 
carrying pellets are passed through an oven. Alternatively, the pellets may be dropped through a tower, for example, 
with a hot gas rising oountercurrentry. The pellets may be suitably dropped on a heated or unheated surface after 
falling. Letting the pellets felling into a liquid is less desirable, since liquid separation is then required. 
[0065] When heating the pellets, T^ is preferably between 270°C and 2000°C, more preferably between 300 and 
1500 °C, and most preferably between 400 and 1 000°C. Preferably, the time of exposure to the indicated temperature 
is between about 0.5 sec and 2 min, more preferably between 1 and 60 sec, depending on the temperature and the 
means of h ating. For example, heating by dropping the pellets In a tower would preferably take place near the lower 
ends of th time ranges, compared to when heating the pellets in an oven. The upper time limit may be especially 
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preferred, or even necessary, wh n mploying a hot gas which might otherwise melt the pellet if exposed too long. 
[0096] For example, when making pellets of PET according to the present invention, an essentially-crystalline PET 
pellet may b formed from an essentially-amorphous solid pellet initially at a temperature below 90°C, preferably at 
least ambi nt, and most preferably below 70°C. The essentially-amorphous pellets may be crystallized by placing them 
s in contact, for at least 3 seconds, In an oven at a temperature within of at least 250°C, preferably between 270° C and 
1200°C, most preferably between 300 and 800°C. 

[0087] In more basic terms, with respect to the change affected within the particle, the present Invention can also be 
defined as a process for the crystallization of a low molecular weight polyester particle, comprising heating a solid 
(glassy) polyester oligomer pellet, having the DP and T g described above, from the T 0 defined above, so that the bulk 

10 average temperature of the pellet is brought, within 15 seconds, to a temperature within a range extending from T^ n 
to T max wherein T^ n - QJ25 T m + 0.75 T^ T max = 0.75 T m + 0.25 T g , and, furthermore, upon reaching said temperature, 
maintaining said pellet within raid range for at least 3 seconds. Preferably, T^ = 0.35 T m + 0.55 T g and T,^ = 0.65 
T ro + 0.35 Tg. Most preferably, T^ = 0.5 (T m + T g ) - 30"C and T^ = 0.5 (Tm + Tg) + 30'C. 
[0068] Alternatively, a molten polyester oligomer droplet can be cooled from the T 0 defined above, so that the bulk 

15 average temperature of the peDet is brought, within 15 seconds, to a temperature within a range extending from T mln 
to T mw wherein T m | n = 0.25 T m + 0.75 T g ; T max = 0.75 T m + 0.25 T g and, furthermore, upon reaching said temperature, 
maintaining said pellet within said range for at least 3 seconds. Preferably, T^ = 0.35 T m + 0.65 T g and T^ = 0.65 
T m + 0.35 T g . Most preferably, T^ = 0.5 (T m + Tg) - 30°C and T max = 0.5 (T m + T g ) + 30°C. Thus, conceptually, whether 
cooling or heating the pellet, the thermal shock Is analogous or similar, except the temperature shock or change is 

20 negative when cooGng and positive when heating. 

[0069] The process parameters may vary, not only on the particular method and apparatus used, but may depend 
on the pellet size, pellet geometry, molecular weight, the heat transfer coefficient of the surface or gas with which the 
pellets are contacted, and the area of heat transfer. 

[0070] In the present process, the thermal shock may be accomplished under a wide variety of circumstances and 
under a wide range of process limitations. For example, in cooling a melt, if the the surface to which the pellets are 
exposed has a relatively low heat transfer coefficient, it may be necessary, In order that the pellets rapidly reach the 
desired temperature, for the surface to be significantly cooler than the desired temperature. For example, it may be 
necessary for the surface to be significantly cooler when the surface is a plastic such as Teflon(TM) pofy(tetrafluoreth- 
ylene) than when the surface is steel. 

30 [0071] The surface of molten polyester may be exposed to a combination of heat transfer materials, for example, a 
part of the surface may be exposed to a metal surface and another part of the surface may be exposed to, for example, 
a gas. Similarly, when heating pellets, part of the surface may be exposed to a metal surface, for example in an oven. 
Liquids at the appropriate temperature may also be used, but they may be less preferred because of concerns that 
contamination may occur and because of the need to separate the liquid from the polyester. 

35 [0072] To determine the bulk average temperature of pellets, the measurement of bulk average temperature can 
proceed as follows. Quickly collect a sample of the pellets from the solid surface or gas, whichever Is used to thermally 
shock the pellets. Immediately place the pellets in an insulated container, preferably evacuated. Preferably, the pellets 
nearly fill the container, insert a thermocouple. Allow the container to come to an equilibrium temperature and record 
it as the bulk average temperature. 

<o [0073] Alternately, a bulk average temperature of pellets being processed can be obtained as follows. Collect a 
sample of the pellets. Immediately place the pellets in a preweighed amount of distilled water, at a known temperature, 
in a preweighed insulated container. Rewelgh the the total mass. Observe the equilibrium temperature. Calculate the 
bulk average temperature of the pellets based on the following equation: 

46 (mj X ( Cpw ) X CT 0 - TJ = <m p ) X (c pp ) X (T p - T„) 

wherein nv is the mass of the water, c pw is the heat capacity of the water, rrip is the mass of the pellets, Cp p is the heat 
capacity of the pellets, T e Is the equilibrium temperature, and T w is the Initial temperature of the water, and X represents 

so multiplication. This equation can be solved to determine T p , the bulk temperature of the pellets. 

[0074] As will be appreciated by one of ordinary skill in the art, the bulk average temperature of the peDets, under 
various conditions, can be estimated with a reasonable degree of accuracy and precision based on standard heat 
transfer equations. The skilled artisan win be familiar with such calculations, including numerical and/or computer tech- 
niques for Improved efficiency and accuracy. 

&5 [007$] For exempt , if on knows the heat transfer coefficient of the environment and the process conditions th n 
an estimate of the change in bulk av rage temperature of the particle with fim can be obtained from the equation: 
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35 T p = T^(eVT fl (1-e*) 

[0076] This equation indicates that if the heat transfer constant, k, is known for a given system as well as the initial 
temperature of the particle and the temperature of the environment, then the bulk average temperature of the particle 
as a function of time can be calculated wherein mp is the mass of the pellet, Cp is the heat capacity of the pellet, t is 

40 time, h Is the heat transfer coefficient of the surface or gas to which the pellet Is subjected, T e Is the temperature of 
the surface or gas to which the pellet is subjected, and A Is the area which is contacted or subjected to the heat source, 
whether a solid surface or a gas. For example, a hemispherical particle dropped on a steel belt may have a flat area 
A In touch with the belt, which area can be readily estimated as (n)(radius/2) 2 . Alternatively, an average value A of a 
sample of pellets can be physically measured for use in the above equations. These equations can be solved for T, 

46 the bulk average temperature of the pellet. 

[0077] As mentioned above, the thermal shock can be imposed so that the temperature gradient experienced by the 
pellets occurs In either direction, that is as a result of either heating or cooling. However, it is preferable that the pellets 
be crystallized by cooling from the melt. This avoids the need to reheat cooled particles and Is thus more ene rgy efficient. 
[0070] The rapid crystallization may have the further advantage of leading to the formation of crystals that are larger 

so than those formed by conventional processes. While this invention is not bound by any particular theory or explanation, 
it Is believed that crystallization carried out per the process of this invention is capable of providing rates of crystal 
nucleation and crystal growth that promote and enhance formation of larger crystals. Such pellets with larger crystals 
have surprisingly been found to better withstand, without sticking or agglomerating, the high temperatures associated 
with most SSP processes or even to allow higher SSP temperatures than before, a significant advantage, since SSP 

65 temperatures are a bottlen ck, in terms of time, compared to other polymerization processes. Without wishing to be 
bound byth oryth crystallization of the outer layer of the pellet, nearer the surface, may have more flfect on the 
desirable characteristics of the pellets. 

[0070] Similarly, the present process is also capabl of forming pellets of PET, for exempt , which do not exhibit a 
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distinct pre-meltlng endotherm when tested on a DSC. Premelting endotherms ere b lieved to be indicative of small 
and/or relatively imperfect crystallites. When premelting ndotherms are present, the PET pellet will tend to more 
readily stick to other pellets when heated, usually eta t mperature near th premelting endotherm, a very undesirabl 
tendency in solid-state polymerization, as discussed further below. 

[0080] As indicated earlier. Figure 2 shows a DSC curve for PET, not according to the invention, having a premelting 
endotherm. Figures 3 and 4 are DSC curves for PET pellets, made by the process of this invention, which show no 
premelting endotherms. 

[0081] Also, as mentioned above, the crystallized pellets are especially useful for solid-state polymerization (SSP), 
in view of the amount and quality of crystallization within the pellets. Solid-state polymerization is well known to the 
artisan. See, for Instance, F. Rlati in G. Allen, et ai., Ed., Comprehensive Polymer Science. Vol. 5, p. 201-216 (Pergamon 
Press, Oxford 1989), which Is hereby incorporated by reference. Solid-state polymerization is particularly useful for 
making higher molecular weight PETs. In general, particles of PET are heated to a temperature below the melting point 
and a dry gas, usually nitrogen, is passed, usually concurrently In continuous operation, around and over the particles. 
At the elevated temperature, transesterification and polycondensation reactions proceed, and the gas can be employed 
to cany away the volatile products (similar other methods , such as empi oying a vacuum, may be used for this purpose), 
thereby driving the PET molecular weight higher. 

[0082] In the past, a number of problems or difficulties have been associated with the solid-state polymerization of 
PET. In particular, the particles to be polymerized usually have had to undergo an annealing process, so that when 
they are heated during solid-state polymerization, they do not undergo partial melting and stick together. If. alternatively, 
the polymerization occurs at a relatively lower temperature to avoid sticking, this would increase the polymerization 
time, since the reactions which drive the molecular weight up proceed fester at higher temperatures, in either event, 
these difficulties or problems tend to make the solid-state polymerization process more expensive to run. 
[0083] Advantageously, polyester pellets made by the process of the present invention may show superior crystalline 
morphology. For example. PET pellets may be made which can be directly polymerized (preferably without further 
crystallization or annealing) starting at higher temperatures, for instance 230°C, preferably 240°C. The need for a 
lengthy annealing step, which lengthens the overall process time is thereby avoided. In addition, particles produced 
according to the present process may, in some cases at least, be more resistant to attrition, preventing the particles 
from wearing against each other or the reactor in which It is contained. Thus, the use of the particles produced according 
to the present Invention can result In an improved process for solid-state polymerization. 

[0084] In any polymerization of low molecular weight polyester to higher molecular weight polyester, normal additives, 
such as polymerization catalysts, may be present. These may have been added when the low molecular weight poly- 
ester was formed. For example, a typical catalyst is Sb 2 0 3 , whose concentration herein is given as the level of el emental 
antimony. Because of the higher starting polymerization temperatures in solid state polymerization using the crystalline 
low molecular weight polyester, as described herein, it may be possible to use lower catalyst levels while maintaining 
useful polymerization rates. Lower catalyst levels may be advantageous when the polyester is intended for use in 
making certain products, for example, when the polyester Is intended for use in making bottles which will store bever- 
ages for human consumption. 

[0085] To provide an example of one embodiment of the present invention, PET pellets can be made which have an 
average crystallite size of about 9 nm or more, preferably 10 nm or more, more preferably about 12 nm or more, and 
especially preferably about 14 nm or more. The average crystallite size is measured by wide angle X-ray powder 
diffraction, an exemplary method or procedure for which is as follows. 

[0086] PET samples of uniform thickness for X-ray measurements are produced by cryogrinding the PET in a SPEX® 
Freezer/Mill (Metuchen, NJ) under liquid nitrogen for 30 seconds and then compressing the PET into disks approxi- 
mately 1 mm thick and 32 mm in diameter. Because of the fragile nature of some of the PET disks, all disks are mounted 
on standard sample holders using 3M Scotch® double-sided sticky tape. Consequently, it is necessary to collect powder 
diffraction patterns of the PET disks (+ tape) and a tape control. While it is preferable that the sample's patterns are 
collected over the range 15-19° 20 (as shown in Figure 2), the patterns of the samples (+ tape) and a tape control can 
be collected over the range 10-35° 28 in some cases, as was obtained for some of the samples (as shown in Figure 
5). The diffraction data are collected using an automated Philips diffractometer operating in the transmission mode 
(CuKa radiation, curved diffracted beam mortochrometer, fixed step mode (0.05°/step), 65 sec/step, 1° slits, sample 
rotating). After subtracting the powder diffraction pattern for the tape control is subtracted from each of the sample- 
plus-tape (sample + tape) diffraction patterns, Lorentz-polarization corrections are applied to each powder pattern. 
[0087] To remove the local background scattering from the 1 5°-1 9° 20 region of each powder pattern, a straight line 
extending from 15.00° to 1 9.00° 28 is defined and subtracted. This region of the diffraction pattern has been found to 
contain two crystaDin refl ctions, at approximately 165° and 17.8° 20, that have been defined as the (01 1) and (010) 
reflections, referred to by N. S. Murthy, et al., In fltrfymer, vol. 31, p. 996-1002, herein incorporated by reference. 
[0088] Figures 5 and 6 show the diffraction patterns, corrected as detailed above, collected ov rth 28rang 10-35° 
and 15-19°, respectively. In addition to the Miller indices of the reflections of interest, th local "artificial" background 
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betwe n 15° and 19° 20, labeled "b", and describ d abov , Is shown. 

[0089] The 15-1 9° region Is then deconvolved Into two overlapping Gaussian peaks corresponding to th two crys- 
talline reflections, and the position, width, and h ight of both peaks are extracted. An example of this deconvolution is 
shown in Figur 7. The apparent crystallite size for the (010) reflection (herein sometimes also referred to simply as 
fi apparent crystallite size), ACS^q, is calculated from th reflection's position and full width at half height using th 
Schemer equation, as for instance described by L. E. Alexander, X-Ray Diffraction Methods in Polymer Science, p. 
335 et seq. (John Wiley & Sons, New York, 1969): 



ACSoio = Poio00se 010 

where ACS 010 is the mean dimension of the crystal, K is assumed to be 1 .0, X is the wavelength, p is the fuD width at 
half height of the profile, in radians, and q has its normal meaning. 
15 [0090] In the following Examples, certain analytical procedures are used. Aside from X-ray diffraction, which is de- 
scribed in detail above, these procedures are described below. References herein to these types of analyses, or their 
results, correspond to these exemplary procedures. 

Intrinsic Viscosity (IV) 

2D 

[0091] A solvent Is made by mixing one volume of trifluoroacetic acid and three volumes of methylene chloride. PET, 
in the amount of 0.050 g, is then weighed into a clean dry vial, and 10 mL of the solvent is added to it using a volumetric 
pipette. The vial is closed (to prevent evaporation of the solvent) and shaken for 30 min or until the PET is dissolved. 
The solution Is poured Into the large tube of a #50 Cannon-Fenske® viscometer, which is placed in a 25°C water bath 
2$ and allowed to equilibrate to that temperature. The drop times between the upper and lower marks are then measured 
in triplicate, and should agree within 0.4 sec. A similar measurement is made in the viscometer for the solvent alone. 
The IV is then calculated by the equation: 

|V _ . n (solution time/solvent time) 
30 0.5 

Gel Permeation Chromatography (GPC) 

[0092] GPC was run in a Waters® 150C ALC/GPC instrument, using as a solvent hexafluoroisopropanol (HFIP) 
36 containing 1 .3637 g of sodium trifluoro acetate per L. The instrument was run In the usual way, and standard calculations 
were made to determine M n (number average molecular weight) and M„ (weight average molecular weight). Calibration 
of the instrument was made using a PET sample with M„ 22,800 and 50,100. 

Melting Point and Glass Transition Temperature 

40 

[0093] Melting point was determined by Differential Scanning Calorimetry (DSC) and all samples were analyzed 
using a TA Instruments® DSC 910. The instrument was calibrated with indium consistent with the system documen- 
tation. The samples were analyzed as received, no pre-g rinding, using 5-10 mg ±0.005 mg. The samples were sealed 
In aluminum pans then heated from room temperature to 300°C at 10°C/mln. in a nitrogen purged environment. Glass 
45 transition temperature, melting point temperature and heat of fusion calculations were done with the TA Instrument 
software. The reported DSC peak melting temperature is the corresponding temperature of the peak in the main melting 
endotfierm. 

Thermomechanlcal Analysis 

60 

[0094] A Mettler® TMA 40 Analyzer coupled to a TSC 10A controller was used for all samples. This instrument was 
calibrated for temperature using the standard operating procedure illustrated in the instruction manual at 1 month 
intervals or when spurious results were suspected. The samples had no extra pre-treatment in the TMA system that 
would alter the samples Inherent morphological history. The partial hemispherical particles were loaded In the system 
65 in contact with both the quartz sample holder and a 3 mm diameter probe such that the sample was convex side up 
with the probe in contact with the apex f the hemisphere. Two temperature profiles were used to analyze the samples. 
Th first being a high speed scanning rat of 10°C/mln. from room temperature through the melt and the second, to 
ensure a homogeneous heat environment, being a 1°C rate from 200°C to the melt 
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EXAMPLES 

Exampj 1 - Themmj Shock Crystallization {JSC of Solid Amorph us Particles 

[0095] PET with an IV of 0.18 dl/g and COOH ends of 167.5 Eq/10 6 g was produced by a melt-phase polymerization 
process and contained approximately 275 ppm Sb as a catalyst. The melt was then extruded through a 1 mm diameter 
orifice to form droplets. The droplets fell through an air gap of about 1 0 cm into chilled water to form clear amorphous 
particles. The particles were shaped like pancakes, approximately 8 mm In diameter and 22 mm thick. The particles 
were crystallized one at a time In a Mettler TMA40 coupled to a Mettter Thermal Controller 1 0A. The Individual particle 
was placed on top of the quartz sample holder at room temperature. The oven was p re-heated to 400°C, lowered over 
the sample for 15 seconds, then removed allowing the particle to cool back to room temperature. After exposure to 
the oven the particle was opaque. DSC analysis of the crystallized sample indicated no pro-melting endotherms. The 
peak melting temperature was 250. 1°C. The ACS^q was 11 .6 nm. 

[00961 The time it takes to crystallize a particle depends on the molecular weight of the polymer, the size/geometry 
of the particle, the geometry of the heating source and the temperature of the heating source. To determine the effect 
of imposed temperature on crystallization rate, more of the above particles were crystallized in the TMA at various 
temperatures following the same procedure as described above. The time to crystallize is the elapsed time from when 
the oven is initially placed around the particle until the particle is observed to be completely opaque. The particle is 
viewed through the top opening in the oven. Oven temperature and time required to crystallize are given in Table I. 



TABLE I 



Run No. 


Oven Temperature (°C) 


Time to Crystallize (sec) 


1 


300 


42 


2 


400 


15 


3 


500 


11 


4 


600 


9 


5 


700 


5 


6 


800 


3 



Example 2 - From Melt onto Hot Plate 

[0097] PET with an IV of 0.15 dl/g, and COOH ends of 188.2 Eq/10 6 g f which had been produced by a melt-phase 
polymerization process and which contained approximately 275 ppm Sb as a catalyst, was heated in a Melt Indexer 
at 290°C until the polymer dripped out of the orifice (1 mm in diameter) under its own weight. A hot plate covered with 
a 1.9 cm thick steel plate was placed 15 to 25 cm under orifice of the melt indexer. The temperature was monitored 
by a thin-wire thermocouple kept In intimate contact with the steel plate. The polymer dripped onto the hot steel plate 
which was at 180°C. Crystallization was monitored by observing the clear amorphous drop turn into an opaque solid. 
Once it was opaque the metal surface was tipped at an angle to horizontal so the particle would slide off and cool to 
room temperature. The particles were shaped like pancakes, approximately 5.6 mm in diameter and 8.7 mm thick. 
DSC analysis of the crystallized sample indicated no pro-melting endotherms. The peak melting temperature was 
250.3°C. TWo particles formed by this method were placed one on top of the other In a quartz sample holder In a TMA 
and a load of 0.5 N was applied on them with the probe. The particles showed no signs of adhesion after being held 
for 30 minutes at 240°C under this load. 

[0098] PET with an IV of 0.24 dl/g and COOH ends of 27.8 Eq/10« g, which had been produced by a melt-phase 
polymerization process and which contained approximately 275 ppm Sb as a catalyst, was heated in a Melt Indexer 
at 290°C until the polymer dripped out of the orifice (1 mm In diameter) under its own weight A hot plate covered with 
a 1.9 cm thick steel plate was placed 15 to 25 cm under the melt Indexer. The temperature was monitored by a thin- 
wire thermocouple kept in Intimate contact with the steel plate. The polymer dripped onto the hot steel plate which was 
at 180°C. Crystallization was monitored by observing the clear amorphous drop turn into an opaque solid. Once it was 
opaque the metal surface was tipped at an angle to horizontal so the particle would slide off and cool to room temper- 
ature. The particles were shaped like hemispheres, approximately 4.5 mm in diameter and 2.5 mm thick. DSC analysis 
of the crystallized sample indicated no pre-melting endotherms. The peak melting temperature was 258.7*C. Two 
particl s formed by this method were placed on ontopofth oth r in a quartz sample holder In th TMA and a load 
of 0.5 N was applied on them with the probe. The particles showed no signs of adhesion aft r being held for 30 minutes 
at240°C under this load. 
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Exampl 3 - From Melt ont Turntable 

[0099] PET with an IV of 0.21 dl/g and COOH ends of 141.0 Eq/10* g. which had been produced by a melt-phase 
polymerization process and which contained approximately 275 ppm Sb as a catalyst, was melted and processed at 
255-280° C through a 1 6 mm twin screw extruder at 0 .23 kg (0.5 lb)/hr. The melt extruded through a 1 .0 mm die forming 
Individual droplets that fell 1.3 cm through room temperature air onto a heated turntable. The turntable provided precise 
regulation of surface temperature and residence time on the heated surface, with contlnous particle formation from the 
extruder. The device consisted of a rotary actuator driven by a stepper motor, a rotating stainless steel turntable in 
contact with a stationary heated plate. The temperature of the turntable surface was controlled through manipulation 
of the temperature of the stationary plate. A calibration curve was generated for the controlled measured temperature 
of the stationary plate versus the surface temperature of the turntable so thatathermocouple did not have to be attached 
to the rotating turntable during the crystallization. After about 300° of rotation on the turntable the crystallized particles 
hit a Mock of Teflon® fluoropolymer which knocked them off the turntable and into a room temperature collection pail . 
For particles formed at surface temperatures between 160-200°C there were no premelting endotherms In the DSC 
traces. Processing conditions and particle analyses are listed in Table II: 



TABLE II 



Run No. 


Table Temp (°C) 


Time on Table (sec) 


DSC Peak Melting Temp (°C) 


ACSo 10 (nm) 


1 


160 


28 


255.4 


12.5 


2 


160 


23 


254.1 


10.0 


3 


170 


23 


255.5 


10.9 


4 


170 


45 


255.5 


10.0 


5 


190 


45 


253.1 


12.0 


6 


190 


28 


254.8 


12.5 


7 


200 


45 


254.4 


13.8 


8 


200 


60 


254.2 


12.6 



Comparative Example 4 

[01 00] To demonstrate the necessity of having the table temperature hot enough so that the particles crystallize and 
are not partially quenched to the amorphous state the same polymer and procedure was used as described in Example 
3. except the table was at lower temperatures. Four runs were made keeping the particles on the table for 28 seconds. 
The amount of amorphous material in a sample was determined from the DSC trace. Amorphous material that is readily 
crystailizable will crystallize during the DSC analysis and is observed as an exothermic peak. The amount of amorphous 
material Is quantified by the size of the exothermic peak express in in J/g. Run no. 1 in Table III shows that the lowest 
table temperature produces the largest amount of amorphous material. Using this polymer and processing conditions 
the table temperature had to be at least 100°C to produce a good particle. 



TABLE III 



Run No. 


Table Temperature (°C) 


Time on Table (sec) 


Size of Crystallization Exotherm (J/g) 


1 


24 


28 


6.00 


2 


40 


28 


4.03 


3 


60 


28 


0.97 



Example 5 - From Melt onto Turntable 

[0101] PET with an IV of 0.17 dl/g and COOH ends of 98.0 Eq/10 6 g, which had been produced by a melt-phase 
polymerization process and which contained approximately 275 ppm Sb as a catalyst, was melted and processed 
through a 16 mm twin screw extruder and dropped onto a heated turntable as described in Example 3. Processing 
conditions and particle analyses are listed in Table IV: 



15 



EP 0 804 499 B1 



TABLE IV 



Run No. 


Turntable Temperature 
(°C) 


Time on Tumtab! (sec) 


DSC Peak Melting 
T mperature (°C) 


ASC010 ( nm ) 


1 


120 


10 


251.9 


11.3 


2 


120 


28 


251.9 


11.7 


3 


120 


60 


251.5 


11.4 


4 


160 


28 


251.8 


13.6 


5 


160 


60 


251.9 


162 


6 


170 


28 


252.6 


13.4 


7 


200 


60 


252.3 


15.2 



Claim* 

1. A process for the crystallization of low molecular weight polyester pellets having an average diameter of between 
500 micrometers and 2 cm, which process comprises heating within a period of 1 5 seconds essentially amorphous 
solid pellets of a polyester oligomer, having a degree of polymerization (DP) of 2 to 40 and a glass transition 
temperature (T a ) above 25°C, from an initial temperature T 0 , wherein T 0 is below T g + 20°C, to a bulk average 
temperature within a range extending from T mrx to T max 

wherein T mln = 0.25 T m + 0.75 T fl ; T^ = 0.75 T m + 0.25 T fll and T m is the melting point of the oligomer, and, 
furthermore, upon reaching said temperature, maintaining said pellets within said range for at least 3 seconds. 

2. A process for the crystallization of low molecular weight polyester pellets having an average diameter of between 
GOO micrometers and 2 cm, which process comprises cooling within a period of 15 seconds molten droplets of a 
polyester oligomer, having the DP and T g specified in Claim 1 , from an initial temperature T v wherein T 1 is at least 
the melting point T m of the polyester oligomer, to a bulk average temperature within a range extending from T^ 

to Tmgx 

wherein T mh = 0.25 J m + 0.75 T g ; T^ = 0.75 T m + 0.25 T gp and T m is the melting point of the oligomer and, 
furthermore, upon reaching said temperature, maintaining said pellets within said range for at least 3 seconds. 

3. A process for forming essentially-crystalline polyester pellets having an average diameter of between 500 microm- 
eters and 2 cm, from an essentially-amorphous melt, which process comprises the following steps: 

(a) forming molten droplets of a polyester oligomer at a temperature T 1 wherein T 1 Is at least the melting point 
T m of the polyester oligomer and 

wherein the polyester oligomer has a degree of polymerization (DP) of 2 to 40 and a glass transition temper- 
ature (Tg) above 25°C: 

(b) crystallizing said molten droplets by placing the droplets in contact, for at least 3 seconds, with a solid 
surface which is at a temperature within the range of T^ to T max as defined below, and heating rapidly the 
droplets or crystallizing pellets towards said temperature and maintaining the bulk average temperature of 
said droplets or crystallizing pellets within said range for a sufficient period of time; 

wherein T rtn = T g + 10°C, T^ = 0.75 T m + 0.25 T^ 

except that, if the solid surface has a heat transfer coefficient (hg) which is below 1 J5 Joules/sec cm 2 °C, 
then T^ of the solid surface may be between 0°C and (T g + 10°C) provided that the the bulk average temperature 
of the pellets remains above T mln for at least 3 seconds after the pellets contact the solid surface and provided 
that the bulk average temperature of the pellets reaches T max within 15 seconds after the pellets contact the solid 
surface. 

4. A process for forming essentially-crystalline polyester particles having an average diameter of between 500 mi- 
crometers and 2 cm, said process comprising the following steps: 

(a) btaining p I lets of an essentially-amorphous, solid polyester oligomer at a temperarure T 0 wherein T 0 is 
below T g + 20°C and wherein the polyester oligomer has a degree of polymerization (DP) of 2 to 40 and a 
glass transition temperatur (T g ) above 25°C; 
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(b) heat treating th pellets by contacting them with a gas at a t mperature of at least T mtn for at least about 
0.5 seconds, wherein T mIn is at least the melting point of th polyester oligomer. 

5. The process of Claim 1 or 2, wherein T mIn = 0.35 T m + 0.65 = 0.65 T m + 0.35 T g . 

5 

6. The process of Claim 1 or 2, wherein T mln = 0.5 (T m + Tp) - 30°C; T^ = 0.5 (T m + T g ) + 30°C. 

7. The process of Claim 3, wherein T^ = 0.65 T m + 0.35 T g . 
10 8. The process of Claim 3, wherein T mn = 0.35 T m + 0.65 T fl . 

9- The process of Claim 1 , wherein the peOets are brought to said bulk average temperature within at least 3 seconds. 

10. The process of ClaJm 1, wherein the bulk average temperature of the pellets remains at said temperature for at 
15 least 60 seconds. 

11. The process of Claim 1 , wherein the polyester is PET and T^ is 220°C and T^ Is 130°C. 

12. The process of Claim 11 , wherein T^ is 200°C and T^ is 150°C. 

20 

13. The process of Claim 3, wherein T max equals 0.5 (T m + T g ) + 10°C. 

14. The process of Claim 3 P wherein is between T m and T m + 30°C. 
25 15. The process of Claim 3 t wherein the solid surface is a metal. 

16. The process of Claim 3, wherein said solid surface Is a moving surface for conveying the pellets. 

17. The process of Claim 3, wherein the pellets are exposed to said solid surface in the indicated temperature range 
30 for at least 5 seconds. 

18. The process of Claim 3, wherein the pellets are exposed to said solid surface in the indicated temperature range 
for not more than 30 minutes. 

3$ 19. The process of Claim 3, wherein the pellets are exposed to said solid surface in the indicated temperature range 
for a period of time between 10 seconds and 10 minutes. 

20. The process of Claim 3 ( wherein the molten droplets are exposed to said exterior change in temperature almost 
immediately after the molten droplets are formed. 

40 

21. The process of Claim 3, wherein the molten droplets are formed by a pastillator. 

22. The process of Claim 3, wherein the polyester is PET and essentially-amorphous molten droplets, initially at a 
temperature of between 250°C and 280°C, are crystallized by placing them in contact, for at least 3 seconds, with 

45 a solid surface which is at a temperature within the range of 80°C and 220°C. 

23. The process of Claim 22, wherein the essentially-amorphous molten droplets are crystaDized by placing them in 
contact, for at least 3 seconds, with a solid surface which is at a temperature within the range of 130°C and 200°C. 

so 24. The process of Claim 4, wherein the pellets are heat treated by contacting them with a gas at a temperature of 
between T m and 2000°C for at least about 0.5 seconds. 

25. The process of Claim 24 ( wherein the time of exposure at the indicated temperature is between about 0.5 sec and 
2mJn. 

09 

28. The process of Claim 4, wh rein the polyester is PET and the ess ntially-amorphous solid p llets, initially at a 
temperature below 90°C, are exposed for at least about 0.5 seconds to a thermal n vlronment containing a gaseous 
fluid at a temperature of at least 250°C. 
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27. Th process of Claim 26, wherein said essentially-amorphous solid pellets, initially at a temperature between 
ambient and 90°C, are exposed for at least about 0.5 seconds to a thermal environment containing a gaseous 
fluid at a temperature of between 270°C and 1500°C. 

6 28. Th process of Claim 4, wherein the pellets are formed by pastillation. priDing, or melt cutting. 

29. A process of producing high molecular weight polyester by introducing the polyester pellets produced according 
to Claims 1 , 2, 3, or 4 Into a reactor for further polymerization. 

10 30. The process of Claim 29, wherein the reactor is a solid-state polymerization reactor essentially below the melting 
temperature of the material being polymerized. 

31. The process of Claim 29 or 30, wherein the IV of the PET introduced into the reactor is under 0.3 and the IV of 
the high molecular weight polyester which is produced has an IV of at least 0.6. 

15 

32. The process of Claim 29 or 30, wherein the pellets are introduced into the reactor without any annealing steps. 

33. The process of Claim 29 or 30, wherein the polyester is PET. 

20 34. A process for the crystallization of poly (ethylene terephthalate) pellets having an average size of 500 jxm (microns) 
to 2 cm, comprising: 

heating an essentially-amorphous glassy polyethylene terephthalate), having a degree of polymerization (DP) 
of 2 to 40, from an initial temperature below 90°C, to a bulk average temperature of about 120°C to about 
25 210°C within a period of 15 seconds and, furthermore, upon reaching said temperature, maintaining said 

pellets within said range for at least 3 seconds; or, alternatively, 

cooling molten droplets of polyethylene terephthalate) oligomer, having the DP stated above, from a temper- 
ature above the melting point of the oligomer, so that the bulk average temperature of the droplets or crystal- 
lizing pellets is brought, within 15 seconds, to a temperature of 120°C to about 210°C and, furthermore upon 
30 reaching said temperature, maintaining said pellets within said range for at least 3 seconds. 

35. The process as recited in Claim 34 wherein said temperature is about 150°C to about 190°C. 

36. The process of Claim 34, wherein the pellets are broug ht to said bulk average temperature within at least 3 seconds. 

35 

Paten tansprtlche 

1. Verfahren zur Kristallisation von Pellets bus Polyester mit niedrigem Molekulargewicht, die einen mlttieren Durch- 
*o messer zwischen 500 Mikrometem und 2 cm aufweisen, welches Verfahren das Erwarmen innerhalb elnes Zeit- 

raums von 15 Sekunden von im wesentlichen amorphen fasten Pellets aus einem Polyesteroligomer mit einem 
Polymerlsationsgrad (DP) von 2 bis 40 und elner GlasQbergangstemperatur (T g ) oberhalb von 25°C von einer 
AnfangstemperaturT 0> wobei T 0 unterhalb von T g + 20°C 1st, auf eine volumenmittlere Temperatur innerhalb eines 
Bereiches, der sich von T mjn bis T^ erstreckt, 
4* wobei T min = 0,25 T m + 0,75 T g ; T^ = 0,75 T m + 0,25 T fl , und T m der Schmelzpunkt des Oligomers 1st, und 

weitemln belm Erreichen der Temperatur Erhalten der Pellets Innerhalb dieses Bereichs fur mindestens 3 Sekun- 
den umfalit. 

2. Verfahren zur Kristallisation von Pellets aus Polyester mit niedrigem Molekulargewicht, die einen mlttieren Durch- 
60 messer zwischen 500 Mikrometem und 2 cm aufweisen, welches Verfahren das Abkuhlen innerhalb eines Zeit- 

raums von 15 Sekunden von geschmolzenen Tropfchen aus einem Polyesteroligomer mit dem DP und der Tg, 
festgelegt in Anspruch 1 , von elner Anfangstemperatur X v wobei T., mindestens der Schmelzpunkt T m des Poly- 
esteroligomers 1st, auf eine volumenmittlere Temperatur innemalb eines Bereiches, der sich von T^ bis T^ 
erstreckt, 

& wobei T^ = 0,25 T m + 0,75 T g ; T^ = 0,75 T m + 0,25 T g , und T m der Schmelzpunkt des Oligomers 1st, und 

weiterhin beim Erreichen der T mperatur Erhalten d r Pellets innerhalb dieses Bereichs fur mindestens 3 Sekun- 
den umfalit. 
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3. V rfahrenzurEiz ugungvonP lists bus 1m wesentlichen kristallin em Polyester, di einen mittleren Durchmesser 
zwischen 500 Mikrometem und 2 cm eufweisen, eus einer im wesentfich n amorphen Schmelze, w IchesV rfah- 
rendi folgend n Schritte umfafit 

s (a) Erzeugen von geschmotz nen Tropfchen aus einem Potyesteroligomer mit iner Temperatur T, , wobel 

mindestens der Schmelzpunkt T m des Polyesteroligomers 1st, und wobei das Potyesteroligomer einen Poly- 
merisationsgrad (DP) von 2 bis 40 und eine Glasubergangstemperatur (T g ) obemalb von 25°C hat; 
(b) KrtetalllsJeren der geschmolzenen Trdpfchen, Indem die Trdpfchen ftlr mindestens 3 Sekunden mit einer 
festen Oberflache in Kontakt gebracht werden, die bei elner Temperatur innerhaib des wle nachstehend de- 
ft? finierten Bereiches von T m bis ist, und schnelles Errtitzen der Trdpfchen Oder kristallisierenden PeDets 
in Richtung zu dieser Temperatur, und wobei die mlttlere Volumentemperatur der Tropfchen oder kristallisie- 
renden Pellets fOr einen ausreichenden Zeitraum Innerhaib dieses Bereichs gehalten wfrd: 

wobel T^n = T g + 10'C, T max = 0,75 T m + 0,25 T gi 

15 ausgenommen da&, wenn die teste Oberflache einen Warrneubertragungskoeffizienten (hj hat, welcher 

unterhalb von 1,5 Joule/s cm 2 °C ist, dann die T^ der festen OberflSche zwischen 0°C und (T g + 10°C) sein 
kann, mit der MaUgabe, dafi die volumenmittlere Temperatur der Pellets fur mindestens 3 Sekunden obemalb von 
T^ bleibt, nachdem die Pellets in Kontakt mit der festen Oberflache kommen, und mit der MaOgabe, dafi die 
volumenmittlere Temperatur der Pellets T max Innerhaib von 15 Sekunden, nachdem die Pellets In Kontakt mit der 

20 festen Oberflache kommen, erreicht 

4. Verfahren zur Erzeugung von Teiichen a us im wesentlichen kristaliinem Polyester, die einen mittleren Durchmesser 
zwischen 500 Mikrometem und 2 cm aufweisen, wobei das Verfahren die folgenden Schritte umfafit: 

25 (a) Erhalten von Pellets aim einem im wesentlichen amorphen festen Polyesteroligomer mit einer Temperatur 

Tq, wobel T 0 unterhalb von T g + 20°C Ist und wobel das PoiyesteroDgomer einen Polymerisationsgrad (DP) 
von 2 bis 40 und eine Glasubergangstemperatur (T g ) obemalb von 25°C hat; 

(b) Warmebehandeln der Pellets, indem sie fur mindestens etwa 0,5 Sekunden mit einem Gas bei einer Tem- 
peratur von mindestens T mln in Kontakt gebracht werden, wobei T^ mindestens der Schmelzpunkt des Po- 
30 iyesterollgomers ist 

5. Verfahren nach Anspruch 1 Oder 2, wobei T^ = 0,35 J m + 0,65 T g ; T max = 0,65 T m + 0,35 Tg, 

6. Verfahren nach Anspruch 1 oder 2, wobei T^ = 0,5 (T m + T g ) - 30°C; T max = 0,5 (T m + T g ) + 30°C. 

7. Verfahren nach Anspruch 3, wobel T max = 0,65 T m + 0,35 T g . 
& Verfahren nach Anspruch 3, wobei T^n = °» 35 T m * O* 65 T g- 

40 9. Verfahren nach Anspruch 1 , wobei die Pellets innerhaib mindestens 3 Sekunden auf die volumenmittlere Tempe- 
ratur gebracht werden. 

10. Verfahren nach Anspruch 1, wobei die volumenmittlere Temperatur der Pellets fur mindestens 60 Sekunden bei 
der Temperatur bleibt. 

45 

1 1 . Verfahren nach Anspruch 1 , wobei der Polyester PET ist und T^ 220° C ist und T^ n 1 30°C ist 

12. Verfahren nach Anspruch 11 , wobei T^ 200° C ist und T mh 150°C ist. 
so 13. Verfahren nach Anspruch 3, wobei T^ gleich 0,5(r m + T g ) + 10°C ist 

14. Verfahren nach Anspruch 3, wobel T t zwischen T m und T m + 30°C ist. 

15. Verfahren nach Anspruch 3, wobei die teste Oberflache ein Metal! Ist 

65 

16. Verfahren nach Anspruch 3, wobei di teste Oberflache in sich bewegende Oberflach zum Transporti ran der 
Pellets Ist 
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17. Verfahren nach Anspruch 3, wobei die Pellets der festen Oberflfiche In dem angezeigten T mperaturb relch fOr 
rrandest ns5S kunden ausgesetzt werd n. 

18. Verfahren nach Anspruch 3, wobei die Pellets der festen Oberflache in dem angezeigten Temperaturbereich fur 
6 nlcht mehr als 30 Minuten ausgesetzt werden. 

19. Verfahren nach Anspruch 3, wobei die Pellets der festen Oberflache in dem angezeigten Temperaturbereich fur 
elnen Zeltraum zwischen 10 Sekunden und 10 Minuten ausgesetzt werden. 

10 20. Verfahren nach Anspruch 3, wobei die geschmolzenen Tropfchen der auSerlichen Anderung der Temperatur aus- 
gesetzt werden, fast unmittelbar nachdem die geschmolzenen Tropfchen erzeugt werden. 

21 . Verfahren nach Anspruch 3, wobei die geschmolzenen Tropfchen durch einen Pastillator erzeugt werden. 

15 22. Verfahren nach Anspruch 3, wobei der Polyester PET ist und im wesentlichen amorphe geschmolzene Tropfchen, 
im Anfang bei einer Temperatur zwischen 250°C und 280°C f kristalfisiert werden, indem sie fur mindestens 3 
Sekunden mit einer festen Oberflache in Kontakt gebracht werden, die bei einer Temperatur innerhalb des Berei- 
ches von 80°C und 220°C ist 

20 23. Verfahren nach Anspruch 22, wobei die im wesentlichen amorphen geschmolzenen Tropfchen kristallisiert warden, 
indem sie fur mindestens 3 Sekunden mit einer festen Oberflache in Kontakt gebracht werden, die bei einer Tem- 
peratur innerhalb des Bereiches von 130°C und 200°C ist 

24. Verfahren nach Anspruch 4 f wobei die Pellets wfirmebehandelt werden, Indem sie fQr mindestens etwa 0,5 Se- 
25 kunden mit einem Gas bei einer Temperatur zwischen T m und 2000°C in Kontakt gebracht werden. 

25. Verfahren nach Anspruch 24, wobei die Zeit der Einwirkung bei der angezeigten Temperatur zwischen etwa 0,5 s 
und 2 min betrdgt. 

30 28. Verfahren nach Anspruch 4, wobei der Polyester PET ist und die im wesentlichen amorphen festen Pellets, im 
Anfang bei einer Temperatur untertialb 90°C, fQr mindestens etwa 0,5 Sekunden einer ein gasartiges Fluid ent- 
haltenden thermischen Umgebung mit einer Temperatur von mindestens 250° C ausgesetzt werden. 

27. Verfahren nach Anspruch 26, wobei die im wesentlichen amorphen festen Pellets, im Anfang bei einer Temperatur 
35 zwischen der der Umgebung und 90°C, fur mindestens etwa 0,5 Sekunden einer thermischen Umgebung, enthal- 

tend ein gasartiges Fluid mit einer Temperatur zwischen 270°C und 1500°C, ausgesetzt werden. 

28. Verfahren nach Anspruch 4, wobei die Pellets durch Pastillierung, Spruhkristallisation oder Hackseln der Schmelze 
erzeugt werden. 

40 

29. Verfahren zur Herstellung von Polyester mit hohem Molekulargewicht durch Einfuhren der Polyesterpellets, her- 
gestellt gem&ft den AnsprOchen 1 , 2, 3 oder 4, In einen Reaktor zur weiteren Polymerisation. 

30. Verfahren nach Anspruch 29, wobei der Reaktor ein Reaktorzur Polymerisation In festem Zustand Im wesentlichen 
45 unterhalb der Schmeiztemperatur des Materials, das polymerisiert wird, ist. 

31. Verfahren nach Anspruch 29 oder 30, wobei die IV des PET, elngefOhrt In den Reaktor, unter 0,3 Ist und die IV 
des Polyesters mit hohem Molekulargewicht, welcher hergesteOt wird, eine IV von mindestens 0,6 hat. 

60 32. Verfahren nach Anspruch 29 oder 30, wobei die Pellets ohne irgendwelche Hartungsschritte In den Reaktor ein- 
gefuhrt warden. 

33. Verfahren nach Anspruch 29 oder 30, wobei der Polyester PET ist 

55 34. Verfahren zur Kristallisation von Poly(ethylentereprithalat)-Pellet8 mit einer mittleren GroBe von 500 pm (Mikro- 
meter) bis 2 cm, umfassend: 

Erwarmen eines im wes ntlichen amorphen glasartigen P ry(ethylenterephthalats) mit "mem Polymensati- 
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onsgrad (DP) von 2 bis 40, von einer Anfangstemperatur unter 90°C auf ine volumenmittlere Temperatur von 
twa 120°C bis etwa 210°C innerhalb ines Zeitraums von 15 Sekunden und we'rterhin bei Erreichen d r 
Temperatur Erhalten der P llets innerhalb di ses Beneichs fur mindest ns3S kunden; oder in einer anderen 
Ausfuhrungsform 

6 

AbkQhlen der gaschmolzenan Trdpfchen von Polyfethyienterephth ala t>-0 1 i gomer mit dem vorstehend festge- 
stellten DP von einer Tempemtur Qber dem Schmelzpunkt des Oligomers, so daft die volumenmittlere Tern- 
peratur der Trdpfchen Oder krtstall tetere nden Pellets Innerhalb 1 5 Sekunden auf el ne Temperatur von 1 20°C 
bte etwa 2 1 0°C ge bracht wlrd und weltemln bei Erne ich en der Temperatur Erhalten der Pellets innerhalb dieses 
10 Bereichs fur mindestens 3 Sekunden. 

35. Verfahren, wie es In Anspruch 34 angefiuhrt wlrd, wobel die Temperatur etwa 150°C bis etwa 190°C betrSgt. 

36. Verfahren nach Anspruch 34, wobel die Pellets innerhalb mindestens 3 Sekunden auf diese volumenmittlere Tem- 
1& peratur gebracht warden. 



Revendlcatlona 

20 1. Precede de cristaiiisation de granules de polyester de bas poids moleculaire ayant un diametre moyen compris 
entre 500 urn (micrometres) et 2 cm, lequel precede oonsiste a chauffer en I'espace de 15 secondes des granules 
soli des essentiellement amorphes (fun oligomere de polyester, ayant un degrd de polymerisation (DP) de 2 k 40 
et une temperature de transition vitreuse (T g ) sup^rieure k 25°C, k partlr (Tune temperature initiate T 0 , ou T 0 est 
Inferieure a T g + 20 Q C, Jusqu'a une temperature moyenne en masse sttuee dans une plage allant de T m]n a T max 

25 ou T mln = 0,25 T m + 0,75 T fl ; T^ = 0,75 T m + 0,25 T fl , et T m est le point de fusion de I'oligomere, et, de 

plus, des ranrtvee k ladite temperature, k malntenir lesdtts granules dans ladite plage pendant au moins 3 secondes. 

2. Procetie de cristallisation de granules de polyester de bas poids moleculaire ayant un diametre moyen compris 
entre 500 Jim et 2 cm, lequel precede oonsiste a refroidir en Pespace de 15 secondes des gouttelettes fondues 

30 cfun oligomers de polyester, ayant le DP et T g specifies dans la revendication 1 , 6 parti r d'une temperature initiale 

T 1p oil T 1 est au minimum le point de fusion T m de I'oligomere de polyester, jusqu'A une temperature moyenne en 
masse situee dans une plage allant de T mm & T max 

ou T mln = 0,25 T m * 0,75 T g ; T^ = 0,75 T m ♦ 0,25 T g , et T m est le point de fusion de I'oligomere, et, de 
plus, des rarrivee 6 ladite temperature, 6 malntenir lesdits granules dans ladite plage pendant au moins 3 secondes. 

35 

3. Proceed de formation de granules de polyester essentiellement cristallins ayant un diametre moyen compris entre 
500 pm et 2 cm, & partir d'une matiere fondue essentieDement amorphe, lequel precede comporte les etapes 
suivantes: 

40 (a) formation de gouttelettes fondues cfun oligomere de polyester k une temperature T 1 oCi T-, est au minimum 

le point de fusion T m de I'oligomere de polyester et oCi I'oligomere de polyester a un degre de polymerisation 
(DP) de 2 6 40 et une temperature de transition vitreuse (T g ) superieure a 25°C; 

(b) cristaiiisation desdites gouttelettes fondues par mise en contact des gouttelettes, pendant au moins 3 
secondes, evec une surface solide qui est a une temperature situee dans la plage de T min a T^ telle que 
46 definie d-dessous, et chauffage rapide des gouttelettes ou des granules en cours de cristalGsation, vers ladite 

temperature, et maintien de la temperature moyenne en masse desdites gouttelettes ou desdits granules en 
cours de cristaiiisation, dans ladite plage pendant un laps de temps suffisant; 
ou T raln = T g + 10*C, = 0,75 T n + 0.25 T^ 

k ceci pr6s que si la surface solide a un coefficient de transfer! de chaleur (hj qui est Inf6rieur k 1,5 
eo joules/s cm 2 °C, de la surface solide peut aJors dtre comprise entre 0°C et (T g + 10°C) k condition que 

la temperature moyenne en masse des granules reste au dessus de T^ pendant au moins 3 secondes apres 
que les granules sorrt entr6s en contact evec la surface solide et k condition que la temperature moyenne en 
masse des granules attelgne T^ dans les 15 secondes qui suivent r entree en contact des granules evec la 
surface solid . 

65 

4. Precede de formation de particules de polyester essentiellement cristallines ayant un diametre moyen compris 
entre 500 urn et 2 cm, ledlt precede comportarrt las etapes suivantes: 
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(a) obi ntlon de granules cTun oligomers de polyester solide, esserrtJel! ment amorph , a una temperature 
Tq, ou T 0 est inferieure a T g + 20°C et ou roligomere de polyester a un degre de polymerisation (DP) de 2 a 
40 et una temperature da transition vrtreuse (T g ) superieure a 25°C; 

(b) trartement a chaud des granules par mise en contact de ceux-ci avec un gaz a une temperature d'au 
6 minimum pendant aumoins nviron 0,5 8econdes,o&T mIn est au minimum te point d fiisiond roligomere 

de polyester. 

5. Procede de la revendication 1 ou 2, dans lequel 

= 0,35 T m + 0,65 T g ; = 0,65 T m + 0,35 T fl . 

10 

6. Procede de la revendication 1 ou 2, dans lequel 

■ 0,5 (T m + T fl ) - 30"C; = 0,5 (T m + T fl ) + 30"C. 

7. Procede de la revendication 3, dans lequel = 0,65 T m + 0,35 T g . 

15 

8. Precede de la revendication 3, dans lequel T min = 0,35 T m + 0,65 T g . 

9. Procede de la revendication 1 , dans lequel les granules sont amenes a ladite temperature moyenne en masse en 
respace cfau moins 3 secondes. 

20 

10. Procede de la revendication 1 , dans lequel la temperature moyenne en masse des granules reste a ladite tempe- 
rature pendant au moins 60 secondes. 

11. Procede de la revendication 1, dans lequel le polyester est un PET el vaut 220°C et vaut 130°C. 

25 

12. Prooede de la revendication 11, dans lequel vaut 200°C et T min vaut 150°C. 

13. Proc6d6 de la revendication 3, dans lequel est 6gale a 0,5 (T m + T g ) + 10°C. 
30 14. Procede de la revendication 3. dans lequel T, est comprise entre T m et T m + 30°C. 

15. Precede de la revendication 3, dans lequel la surface solide est un metal. 

16. Procede de la revendication 3, dans lequel ladite surface solide est une surface mobile servant a convoyer les 
3* granules. 

17. Proo6d6 de la revendication 3, dans lequel les granules sont exposes a ladite surface solide dans la plage de 
temperatures indiquee pendant au moins 5 secondes. 

<o 18. Procede de la revendication 3, dans lequel les granules sont exposes a ladite surface solide dans la plage de 
temperatures indiquee pendant pas plus de 30 minutes. 

19. Procede de la revendication 3, dans lequel les granules sont exposes a ladite surface solide dans la plage de 
temperatures indiquee pendant un laps de temps compris entre 10 secondes et 10 minutes. 

45 

20. Proced6 de la revendication 3, dans lequel les gouttelettes fondues sont exposees audit changemenrt exterieur 
de temperature presque Immediatement epres que les gouttelettes fondues sont formees. 

21. Procede de la revendication 3, dans lequel les gouttelettes fondues sont formees par une pastilleuse. 

60 

22. Procede de la revendication 3, dans lequel le polyester est un PET et les gouttelettes fondues essentiellement 
amorphes, Initialentent a une temperature comprise entre 250°C et 260°C, sont cristallisees par mise en contact 
de celles-ci, pendant au moins 3 secondes, avec une surface solide qui est a une temperature situee darts la plage 
de60 o Ca220 9 C. 

65 

23. Procedd de la revendication 22, dans lequel les gouttelettes fondues essenti llement amorphes sont cristallise s 
par mise en contact de celles-ci, pendant au moins 3 secondes, avec une surface sonde qui est a un temperature 
situee dans la plag de 130°C a 200°C. 
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24. Precede do la rev ndlcetion 4, dans lequel las granules sont traites k chaud par mlse en contact de oaux-ci avec 
un gaz a un temperature comprise enlre T m et 2000°C p ndant au moins environ 0,5 secondes. 

25. Proceed de la revendication 24, dans lequel le t mps cf xpositi n k la temperature indtquee est comprls entre 
6 environ 0,5 second set 2 minutes. 

26. Precede de la revendication 4, dans lequel le polyester est un PET et les granules solides essentlellement amor- 
phes, initiatement k une temperature tnferteune k 90°C, sent exposes pendant au moins environ 0,5 secondes k 
un envlronnemefit thermlque contenant un flulde gazeux k une temperature cf au moins 250*0. 

10 

27. Precede de la revendication 26, dans lequel lesdits granules solides essentieilement amorphes, initialement a une 
temperature comprise entre Pamblante et 90°C, sont exposes pendant au moins environ 0,5 secondes a un envt- 
ronnement thermlque contenant un fluide gazeux k une temperature comprise entre 270°C et 1500°C. 

15 28. Precede de la revendication 4, dans lequel les granules sont formes par granulation, grelonage, ou decoupe par 
fusion. 

29. Precede de production d'un polyester de haut poids moleculaire par introduction des granules de polyester produits 
selon les revendications 1, 2, 3, ou 4 dans un reacteur en vue d'une polymerisation plus poussee. 

20 

30. Precede de la revendication 29, dans lequel le reacteur est un reacteur da polymerisation a Petat solide essen- 
tieilement en dessous de la temperature de fusion de la matiere en train d'etre polym6risee. 

31 . Prooedd de la revendication 29 ou 30, dans lequel la viscosite Intrinseque (VI) du PET introduit dans le reacteur 
25 est inferieure a 0,3 et la viscosite intrinseque du polyester de haut poids moleculaire qui est produif est d'au moins 

0,6. 

32. Precede de la revendication 29 ou 30, dans lequel les granules sont introduits dans le reacteur sans aucune etape 
de recuisson. 

30 

33. Precede de la revendication 29 ou 30, dans lequel le polyester est un PET. 

34. Precede de cristailisation de granules de polyOerephtalete d'ethylene) ayant une tailie moyenne de 500 Jim a 2 
on, consistent a: 

35 

chauffer un poly(t6rephtalate d'ethylene) vltreux essentlellement amorphe, ayant un degnS de polymerisation 
(DP) de 2 k 40, k partir d'une temperature initiale inferieure k 90°C, jusqu'a une temperature moyenne en 
masse cTenviron 120°C a environ 210°C en i'espace de 15 secondes et, de plus, des Parrivee a ladita tempe- 
rature, k maintenir lesdits granules dans ladite plage pendant au moins 3 secondes; ou, en variante, 
40 refroidir des goutteiettes fondues d'oligomere de poly(t6r6phtaiate d'ethyl&ne), ayant le DP Indiqu6 ci-dessus, 

k partir d'une temperature au dessus du point de fusion de roligomere, de sorte que la temperature moyenne 
en masse des goutteiettes ou des granules en cours de cristailisation est amenee, en moins de 1 5 secondes, 
a une temperature de 120°C k environ 21 0°C et, de plus, des rarrivee a ladite temperature, a maintenir lesdits 
granules (tens ladite plage pendant au moins 3 secondes. 

46 

35. Precede selon la revendication 34 dans lequel ladite temperature est environ 150°C k environ 190°C. 

36. Prooade de la revendication 34, dans lequel les granules sont emenes a ladite temperature moyenne en masse 
en I'espaoe d'au moins 3 secondes. 

60 
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